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Combination

Technique #2

Technique #1

 
Illustration of the power of combining techniques.  Technique #1 and Technique #2 have roughly 
equal DETF figure of merit.  When results are combined, the DETF figure of merit is 
substantially improved. 
 

7. Results on structure growth, obtainable from weak lensing or cluster observations, 
provide additional information not obtainable from other techniques.  In 
particular, they allow for a consistency test of the basic paradigm: spatially 
constant dark energy plus general relativity. 

 
8. In our modeling we assume constraints on H0 from current data and constraints on 

other cosmological parameters expected to come from further measurement of 
CMB temperature and polarization anisotropies.   

a. These data, though insensitive to w(a) on their own, contribute to our 
knowledge of w(a) when combined with any of the dark energy techniques 
we have considered. 

b. Increased precision in a particular cosmological parameter may improve 
dark-energy constraints from a single technique.  Increased precision is 
valuable for the important task of comparing dark energy results from 
different techniques. 

 
9. Increased precision in cosmological parameters tends not to improve significantly 

the overall DETF figure of merit obtained from a multi-technique program.  
Indeed, a multi-technique program would itself provide powerful new constraints 
on cosmological parameters within the context of our parametric dark-energy 
model. 

 



Cluster mass function as DE probe
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Role of d(z) and H(z)
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Also detect Λ
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Supernovae Ia Clusters

1 . . . . . Mprogenitor = 1.4M� F = G
m1m2

r2
100%

2 . . . . . empirical relation
L − µ(t) − colors

classical gasdynamics 20%

3 . . . . . evolution with z? non-gravitational effects 5%

4 . . . . . Straightforward
observable

SO WHAT?

5 . . . . . “purely geometric test”



Dark matter only simulations

VIRGO simulations Jenkins etal ’01



High-resolution hydro-simulations

Nagai, Kravtsov, Vikhlinin (NKV)



Simulations with cooling and star formation

KVN ’06



Chandra data: profiles
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Chandra data: M − T relation
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Approach to mass estimates

1. Use robust results from simulations to find good proxy for Mtot

• accurate (low-scatter)

• evolves as predicted in self-similar theory

• insensitive to dynamical state

2. Calibrate M − X with relaxed clusters (or weak lensing)

3. POSSIBLY, use first-order corrections to normalization and
evolution of M − X



comparison of mass proxies: TX–M

KVN ’06



comparison of mass proxies: YX–M

KVN ’06



comparison of mass proxies: YX–M

KVN ’06



w0 − ΩM
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w0 − ΩM

CMB + Clusters (evolution and σ8 ∝ δζ (Ωbh2)−1/3 (ΩM h2)0.563 h0.693 G0)
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w0 − ΩM

CMB + Clusters + BAO + SDSS &2 dF P(k) +SN
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w0 − ΩM

CMB “classical” + BAO + SDSS &2 dF P(k) + SN + Cluster Data
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∆M/M requirements & Role of Con-X

• Current results:
40 clusters, ∆w = ±0.17 ⇐⇒ ∆M/M ' 9%

• Future:
400 clusters, ∆w = ±0.05 ⇐⇒ ∆M/M ' 2.5%

4000 clusters, ∆w = ±0.017 ⇐⇒ ∆M/M ' 0.9%

100000 clusters, ∆w < ±0.01 ⇐⇒ ∆M/M . 0.5%

• Via fgas test:

At z = 1: ∆M/M = 3
2∆d/d = 1.6% to ensure ∆w = ±0.05

• Role of Con-X

– provide %-accurate Mest in ∼ 500 clusters

– Extra info to improve reliability in Mest



M87



“Bullet Cluster”



“Bullet Cluster”



What about σ8?



What about fgas?
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Detection of Dark Energy
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